We recently formulated a local mechanism of vacuum energy sequester. This mechanism automatically removes all matter loop contributions to vacuum energy from the stress energy tensor which sources the curvature. Here we adapt the local vacuum energy sequestering mechanism to also cancel all the vacuum energy loops involving virtual gravitons, in addition to the vacuum energy generated by matter fields alone.
Following early work [11, 12, 13, 14] , we have recently proposed a mechanism for eliminating the contributions to vacuum energy from matter loops, dubbed vacuum energy sequestering [15, 16, 17] . The procedure is a very conservative, minimalistic modification of the gravitational sector of the theory, deviating from the on-shell behavior of GR only at the global level, in the infinite wavelength limit. Exploiting the fact that vacuum energy is the only source of curvature that is spacetime filling (and locally constant), we introduce constraints that operate at the largest wavelengths, along with new gauge symmetries that prohibit any additional local degrees of freedom. The constraints ensure that counterterms always cancel the power-sensitive contributions to vacuum energy from matter loops, so that they do not gravitate. Gravity is sourced by a renormalized vacuum energy that is radiatively stable, albeit with a value that is incalculable and should be set by measurement (just like the electron mass). For additional recent explorations see [18, 19] .
Here we pursue a modification of the mechanism that addresses vacuum energy loops that include virtual gravitons. We show that higher dimensional operators can be used as conjugate variables to construct constraints that sequester vacuum energy loops with graviton lines from the gravitational field equations. The mechanism can be embedded in the formulation of gravity as a quantum EFT defined up to some scale M M P l , below which the EFT is unitary and weakly coupled, following the "classic lore" of [20, 21] , along with more recent ideas developed by Donoghue [22] .
To set the stage, we review the local matter vacuum energy sequestering, given by [16] 
(1) In addition to the metric and the matter fields Φ we include a pair of 4-forms F µνλσ = 4∂ [µ A νλσ] andF µνλσ = 4∂ [µÂνλσ] and a pair of scalar fields κ(x) and Λ(x). The gauge symmetries of the 4-forms enforce that these scalars have no fluctuating modes [23] . The arguments of the smooth functions σ andσ are normalized to the two high energy scales µ, M P l which are close to the EFT cutoff, M µ, M P l . The properties of σ,σ are discussed in [17] ; we stress that they cannot be linear functions to avoid any hidden fine tunings in the vacuum energy cancellations. The matter sector L m couples to the metric minimally. The last two terms of (1) are a non-gravitating, topological sector by virtue of the absence of the metric.
To get the dynamics, we could now vary (1), obtain the local field equations, and then concentrate on the global, infinite wavelength sector to address the curvature (in)sensitivity to vacuum energy loops [16] . That yields very similar equations to the original global constraints of [15] , with the main difference being that the global constraints appear as integrals of the local field equations, zooming in on the vacuum energy [14, 16] . In particular, the cancellation works in spacetimes with infinite 4-volume and finite field theory scales.
Since we are mainly interested in the mechanics of cancellation of vacuum energy loops, we can shortcut our analysis by working "in the action" and focusing on the global sector from the start. To this end, we integrate out the 3-forms from (1), bearing in mind that they impose the 'rigidity' of the scalars κ and Λ, forcing them to be spacetime constants. The effective dynamics of the global sector of the theory is now controlled by
Here c andĉ respectively describe the flux of 3-forms, A andÂ, with the additional constraints obtained by varying with respect to the rigid scalars κ 2 and Λ. The field equations are
Tracing the gravity equation and averaging over spacetime fixes Λ in terms of T α α and R , where T α α = g µν T µν is the regularized trace of the matter stress energy tensor at a given loop order and angled brackets denote the spacetime average. This gives Λ = T α α /4 + ∆Λ where
, the last equality following from the ratio of the global equations in (3) . Inserting this expression into the gravity equation yields
This equation shows that vacuum energy vac|T 
. However, when σ andσ are smooth (ie σ(O(1)z) ∼ O(1)σ(z), etc) and non-degenerate functions [16, 17] , the renormalized cosmological constant is radiatively stable since M µ, M P l . The vacuum energy cancellation described above is enforced by two approximate symmetries of the theory [15] . The first is the shift symmetry
, where ν is a constant, which is broken by the topological terms, yet restored in the limit c/µ 4 → 0. The second approximate symmetry is the scaling symmetry of [15] , which in terms of the variables we employ here dwells in the κ 2 sector. To see it consider metric and κ 2 fluctuations about a flat background in the limit of vanishing cosmological constant. Setting κ 2 = M 2 P l (1 + φ/M P l ) and g µν = η µν + h µν /M P l , the theory is invariant under φ → φ +ν in the limitĉ/M P l → 0, M P l → ∞. Clearly this symmetry is broken at finite M P l . While the breaking is weak for the matter sector loops, it implies that graviton loops will not be cancelled in the theory (1) .
To see this explicitly consider the vacuum energy renormalization of the 1PI effective action by loops that involve both matter and gravitons. For simplicity, we compute them in a locally Lorentzian frame, treating the background geometry as flat. This correctly captures all the UV contributions. Expanding in the gravitational coupling, the result is
where a i ∼ O(1). The terms ∼ M 4 are the contributions from matter vacuum energy loops. Pure gravity loop diagrams also contribute in the same way. They are automatically sequestered away from sourcing curvature in the theory (1 In any case, the κ 2 -dependent corrections to vacuum energy will not be sequestered in the theory (1). They scale differently with the cutoff, spoiling the cancellation implied by (the trace of) Einstein equations and the geometric constraint found by varying (2) with respect to the rigid scalar κ. Indeed, calculating the vacuum field equations we find that
Tracing, averaging over the spacetime, and eliminating constraints yields
with ∆Λ = κ 2 R /4 = −
as before. The regularized vacuum energy terms independent of κ cancel out, and the only residual dependence remains through the radiatively stable finite term ∆Λ. In contrast, the κ dependent pieces do not cancel. Clearly, the largest contributions come from terms ∼ M 6 2κ 2 , but others are in principle dangerous too, requiring some additional mechanism to keep them under control.
The main purpose of this Letter is to point out that such a mechanism can be obtained by a straightforward modification of the local sequestering theory (1). The logic behind local sequestering was threefold: (i) promote the gravitational parameters κ 2 , Λ into local fields; (ii) project out their local fluctuations by the gauge symmetries of the 4-forms; (iii) retain variational equations with respect to the rigid fields κ 2 , Λ because they fix the counterterms and divert radiative instabilities away from the metric and into the physically unobservable sector of local 4-form fluctuations. The key condition arises from the variation with respect to κ, whose global limit is the condition that the spacetime average of the scalar curvature is fixed by a radiatively stable quantity ∆Λ, controlled by the ratio of the 4-form fluxes. By Einstein's equations, the cutoff-dominated terms in Λ − T α α /4 automatically cancel. One can immediately verify that a qualitatively similar condition would follow from vanishing of the spacetime average of any generic curvature invariant not constructed purely out of the Weyl tensor and the traceless part of the Ricci tensor. Any such invariant would not be scale invariant and would therefore involve the Ricci scalar. By the vacuum Einstein's equation, it follows that this curvature invariant would be polynomial in the difference Λ− T α α /4. Fixing it on shell by a variational principle to a radiatively stable quantity would yield a behavior similar to that which follows from (1). Furthermore, if the variational constraint is not directly dependent on the Planck scale, the cancellation of Planck-mass dependent vacuum energy contributions -namely, those involving graviton virtual lines -will also cancel from the residual stress energy tensor to leading order.
Although we can construct many suitable curvature invariants in four dimensions, one immediately arises as a most minimal candidate: the Gauss-Bonnet invariant,
Because it is a total derivative, adding it to the action merely changes the topological sector, and does not affect any local phenomena at finite wavelength. Since it involves the Ricci scalar, and so is not scale invariant, it yields a desired constraint that picks the correct counterterms to sequester all large contributions from loops from the source of the Einstein's equations.
Let us demonstrate this explicitly. We start with the action
(8) where we now vary over the auxiliary scalar θ(x) controlling the Gauss-Bonnet coupling. Again for simplicity, we focus only on the global limit of the theory, and integrate out the 3-forms as before, yielding an effective action
The two scalars are now rigid, with no local variations off-shell, and c andĉ are the fluxes of the 3-forms through the boundary. The resulting field equations are
We can write
Rg µν 2 + 1 6 R 2 , where W µναβ is the Weyl tensor, whose contribution drops out in the vacuum. Again, taking traces, averages, and eliminating constraints, we find
where now ∆Λ satisfies
The spacetime average of the Gauss-Bonnet invariant is constrained by the ratio of the global equations, such that
Of course, we stress that the full system of equations from (8) is more complicated. However the global limit is faithfully reproduced by the equations obtained from (9) . As before, the regularized vacuum energy, vac|T µ ν |vac = −δ µ ν V vac , completely drops out of the first two terms in equation (11) . By its scale invariance, the Weyl tensor contribution vanishes, and so radiative corrections can only affect ∆Λ through its dependence on R GB . These corrections yield Λ → Λ + O(M 4 ), and θ → θ + O(1) ln(M/m), where m is a typical mass scale in the EFT [24] . Therefore, by the same line of reasoning given after Eq. (4), we see that the corresponding source of curvature is radiatively stable. This cancellation now occurs for both the matter vacuum energy contributions, and for the vacuum energy loops involving virtual gravitons. The fact that Gauss-Bonnet is a topological invariant ensures that graviton loops cannot introduce any additional θ dependence in the off-shell effective action. One might worry about generating extra dependence on the rigid scalars from background curvature effects and the IR corrections they induce, which have so far been neglected. However these corrections are suppressed by the background curvature scale, and one expects them to be harmless. Other radiatively induced curvature corrections, obtained by renormalizing (8) will likewise remain subleading below the cutoff M M P l .
The reason behind the improved behavior of the global sector (9) of the theory (8) over the global sector of the theory (1) is that the second approximate shift symmetry now involves θ → θ +α, which is only broken by the topological terms in the theory. The bulk terms remain invariant even at finite M P l . This means that asĉ → 0, but keeping M P l finite, the symmetry is completely restored. This improved approximate shift symmetry, which was absent in our previous set-up at finite M P l , yields the cancellation of the cutoff dominated vacuum energy contributions that include virtual gravitons. The fact that the symmetry is broken only by the topological terms prevents the generation of potential terms in θ that would otherwise spoil the vacuum energy sequester.
To summarize, in this Letter we have adapted the vacuum energy sequestering mechanism to yield a cancellation of all cutoff-dominated vacuum energy contributions, computed in the loop expansion using arbitrary bubble diagrams. We include all such diagrams, with or without virtual gravitons, treating gravity as an effective field theory with a cutoff below the Planck scale. The generalization utilizes the Gauss-Bonnet topological invariant, yielding a better approximate shift symmetry that remains unbroken in the bulk even at finite M P l . This generalization should be viewed as a particular example of what may well be a considerably broader class of models. The guideline may be that in formulating the low energy effects of quantum gravity, one may need to promote all the UV sensitive 'couplings' in the theory to independent fields, which are "stiffened" by their mixing with the non-gravitating 4-form sectors. The gauge symmetries of the 4-forms render the local fluctuations of the new fields unphysical. In turn the rigid fields divert the vacuum energy contributions dominated by the cutoff into the local part of the 4-form fields, which do not gravitate.
In our original set-up this logic applied to the bare cosmological constant and the Planck mass. Here we used the bare cosmological constant and the Gauss-Bonnet coupling. We can imagine combining the two frameworks into one, by writing the action
µνλσ + σ 3 (θ) F
µνλσ + . . .
Here instead of two constraint equations we would have three of them. For non-degenerate functions σ i there would be no fine tunings in the theory, since the three constraints would fix three independent quantities κ 2 , Λ, θ in terms of the three 4-form fluxes. Vacuum loops of both matter and gravitons should still be sequestered in this theory, as long as all the σ's satisfy the generic smoothness condition, σ (O(1)z) ∼ O(1)σ(z). The reason is that loop corrections are still guaranteed to be independent of θ, preserving the effectiveness of the geometric constraint arising from θ variation. From a symmetry perspective, we see that in the limit of vanishing 4-form flux, the action is invariant under constant shifts in θ, even at finite values of the other couplings. This symmetry enhancement protects the observable part of the cosmological constant from large corrections. We note that the theory (14) shares some features with the frameworks introduced in the past for a phenomenologically motivated attempt to resolve cosmological singularities [25] . We believe that it would be interesting to explore cosmological and phenomenological properties of this and similar theories.
